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Abstract 
The inclusion of an inquiry-based learning approach in chemistry laboratories has been advocated highly in the last three decades 
to improve students’ conceptual content knowledge and the process of inquiry learning. Two 3-hour experiments involving acid-
base extraction and purification were implemented for 63 students enrolled in Organic Chemistry Lab II in 2010. Students were 
asked to separate each compound from a mixture of benzoic acid, p-nitroaniline, and naphthalene, and to purify each compound 
in an appropriate condition. Paired-samples t-test analysis indicated that the students obtained post-achievement scores for the 
conceptual test, the experimental procedure diagram, and the mental models of acid-based extraction process statistically higher 
than pre-experiment scores at p-value less than 0.001. Although most students had planned their experiments carefully, some 
students still accommodated alternative conceptions in their mental models. However, most of them could correct their 
alternative conceptions to the scientific consensus after experiencing the inquiry-based experiment. It is advisable to implement 
inquiry experiments for at least a few semesters to investigate students’ progression with science inquiry and process skills. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
A traditional scripted experiment is often effective to enhance students’ observational skills and illustrate key 
connections between theory and practice in chemistry. However, this approach sometimes fails to develop the 
process of science inquiry or scientific investigation (Green, Elliott & Cummins, 2004). However, an inquiry 
approach to experiments emphasizes the explicit use of the whole process of science inquiry, in which students have 
a chance to define the investigated problem from their observations, generate hypotheses, devise a plan and conduct 
the investigation, make explanations from experimental evidence, and communicate the findings (Hand & Keys, 
1999). Therefore, the inquiry-based approach provides students with an opportunity to practice how scientists really 
do science and to deeply understand key concepts in chemistry (Black, 1996; Green, Elliott & Cummins, 2004). 
It is advisable that implementation of the inquiry-based method with inexperienced students should begin with 
familiar techniques made slightly more complicated and challenging (Montes, Lai & Sanabria, 2003). In this case, 
liquid-liquid extraction, of which the students had experience in the previous semester, was considered but, to make 
it more challenging, students were asked to separate a mixture of acid and basic and neutral organic compounds, and 
to purify each of the obtained compounds. This intellectually challenged the students since there was no procedure 
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and equipment list given and they have to integrate what they have previously learned with information from 
literature searches of how to separate and purify each compound from the mixture. It is believed that this learning 
process supports   
2. Literature review 
2.1. Inquiry in a chemistry laboratory 
An inquiry-based laboratory in terms of skills and abilities, according to the National Science Education 
Standards, refers to a laboratory that provides students with an opportunity to ask scientifically-oriented questions, 
form hypotheses, design and conduct scientific investigations, make scientific explanations from experimental 
evidence, and communicate and defend scientific arguments (National Research Council, 2000). Such a student-
centered laboratory is essential to science and effectively promotes 
understanding, and inquiry skills when properly developed and implemented (Kipnis & Hofstein, 2007). 
Inquiry experiments have been proven to be an effective approach in a learning chemistry laboratory and have 
been highly advocated in the last few decades (Sanger, 2009). These experiments posses more advantages than 
traditional experiments since students are challenged to practice using learning resources and working in groups to 
enhance their higher-order cognitive skills, including analytical and critical thinking skills. Lab manuals and 
instructors are no longer the main sources of knowledge in this learning approach, but are the facilitators who 
motivate and challenge students to carry out the experiments through a science inquiry process important and 
essential for further scientific research (Deters, 2005). 
2.2. Mental models and alternative conception in chemistry 
A liquid-liquid extraction is an easy and common operation for science students, but many students perform the 
technique without being aware of what is happening at the sub-microscopic level. In addition, some students may 
express alternative conceptions that are not consistent with the consensus of the scientific community, sometimes 
being on the right track but incomplete, or other times being simply wrong (Piquette & Heikkinen, 2005). Inquiry-
oriented organic acid-base-neutral separation is a more challenging and interesting task than the liquid-liquid 
separation, so students may hold alternative conceptions at the sub-microscopic basis of the separation process. By 
having students draw a series of sub-microscopic pictures of organic acid-base-neutral separation and purification, it 
is possible to reveal their conceptual understanding and identify some of their alternative conceptions. This series of 
drawings, also called mental models, provides rich information relevant to the development of such an inquiry-based 
experiment to best support student students are able to develop their skills to 
represent their understanding, especially at the sub-microscopic level, through drawings.  
Mental models refer to presentations of the mind constructed by incorporating relevant conceptual understanding 
into existing knowledge to explain how a specific process functions (Bodner, 2007). These models are used to 
reason, describe, explain, and/or predict scientific phenomena (process or system), to communicate ideas to other 
people, and/or to solve problems (Harrison & Treagust, 2000). They are considered as an important part of a 
learner s conceptual framework (Glynn & Duit, 1995). Since much of what is chemistry involves a molecular level 
that cannot be accessed by direct perception, these models play a potential role in learning chemistry at the sub-
microscopic level (Briggs & Bodner, 2005). A full understanding of chemical processes involves the ability to 
connect events at a macroscopic level with events at the molecular level (Johnstone, 1993). Therefore, students need 
to transform these invisible events or phenomena into equivalent mental (or conceptual) models or representations 
that make sense for them (Kozma & Russell, 1997).  
3. Research methodology 
3.1. Goals and objectives 
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The main goal of this study was to complete an inquiry-based separation and purification experiment to promote 
an inquiry-based laboratory with a 
traditional one, but to investigate how an inquiry experiment works with students who had limited experience with 
this approach. More specifically, the objectives of this study were 1) 
understanding and mental models prior to and after experiencing organic acid-base-neutral separation and 
purification, and 2) to investigate how students and laboratory instructors evaluated the variations for each of the 
five essential inquiry features of organic acid-base-neutral separation and purification. 
3.2. Research tools 
3.2.1. Inquiry-oriented experiments of organic acid-base-neutral separation and purification 
This experiment consisted of two 3-hour phases: 1) separating the mixture of p-nitroaniline, benzoic acid, and 
naphthalene, and 2) purifying the separated p-nitroaniline, benzoic acid, and naphthalene. Laboratory instruction and 
an equipment list were not provided in this experiment. The experiment was approved in terms of the five essential 
features of inquiry and their variations by three inquiry experts. 
3.2.2. Data collecting tools 
1) Achievement test of organic acid-base-neutral separation and purification. The test consisted of three parts: a 
conceptual test (10 multiple-choice items), an experimental diagram, and a series of drawing (mental models) of 
what happens at a sub-microscopic level during the experimental process. 
2) Student and instructor evaluation form of the organic acid-base-neutral separation and purification. The form 
included the five essential features of inquiry and the variations of student  roles or self-direction throughout each 
of the five essential features of the experiment. This form was adapted from the evaluation form of inquiry and 
variations by National Research Council (2000).  
3.3. Implementation 
The participants in this pre-experimental study were 63 second-year chemistry students enrolled in Organic 
Chemistry Laboratory II during the second semester of 2010 at Ubon Ratchathani University (UBU). All of them 
had performed basic extraction in Organic Chemistry Laboratory I during the first semester of 2010. The acid-base 
separation and purification experiment was implemented as two laboratory periods. They were divided into two 
parallel laboratory sections, 32 students and three laboratory instructors in one section and 31 students and three 
laboratory instructors in the other. They were asked to participate in the following process: 
1) A week prior to the laboratory, no laboratory direction was given for the next experiment. The task was to 
individually design their own experiment to separate and purify a mixture of benzoic acid, p-nitroaniline, and 
naphthalene. They were requested to submit a laboratory planner three days prior to the laboratory hour for 
suggestions from laboratory instructors. The basic extraction concepts and technique were provided in the form of a 
simulated experiment called Interactive Caffeine Extraction Simulated Experiment (ICESE), available through 
http://www.chem.sci.ubu.ac.th/e-learning/extraction_en/. 
2) Before conducting the experiment, a set of pre-achievement tests including a conceptual test and a diagram of 
the experiment process was completed. In addition, a series of drawings reflecting their understanding, called mental 
models, of organic acid-base-neutral separation was drawn. 
3) The first 3-hour phase was spent separating the mixture of the three compounds regarding their designed 
experiment. Crude crystals of the three compounds should be obtained in this phase. 
4) The second 3-hour phase was spent purifying the obtained crude crystals by re-crystallisation in an appropriate 
condition. The melting point for each of the three fine compounds was determined compared to the crude crystals. 
5) A set of post-achievement tests (same difficulty and parallel to a set of pre-achievement tests) was completed. 
During the test, the students were encouraged to review and correct their mental models of organic acid-base-neutral 
separation and purification. Finally, they completed the evaluation form of inquiry features and their variations. In 
addition, six laboratory instructors volunteered to complete the evaluation form. 
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3.4. Data analysis 
The collected data in this study, including pre- and post- achievement test scores of organic acid-base-neutral 
separation and purification, were analysed. Rubric coding and scoring systems were developed to help in the 
analysis of the series of drawings of mental models of extraction and purification. Paired-sample t-test 
analysis was performed to identify mean differences between the pre- and post- scores for this one group pre-test 
and post-test study. Student evaluations of inquiry features and their variations were analysed in terms of means and 
SDs to identify the variations of student  self-direction throughout the inquiry experiments. 
4. Results and Discussion 
The results of this study were categorized into three aspects as follow. 
4.1 Pre- and post-achievement scores of acid-base-neutral separation and purification 
Results showed that the students average score in the post-achievement test was higher than the average pre-
achievement test in the separation and purification of the mixture of acid-base-neutral organic compounds. The 
paired samples t-test analysis indicated that the students obtained an average post-conceptual score that was 
statistically higher than the average pre-conceptual score at p-value less than 0.001 (Table 1). The average post-
experimental diagram score was statistically higher than the average pre-experimental diagram score at p-value less 
than 0.001. In addition, the mental models or the series or drawings reflecting student  understanding of the acid-
base-neutral separation and purification at a sub-microscopic level were coded and scored using a rubric system 
developed by the author. The paired samples t-test analysis indicated that the score of the post-mental models were 
statistically higher than the pre-mental model score at p-value less than 0.001. 
 
Table 1. Pre- and post-achievement test scores of organic acid-base-neutral separation and purification 
 
Test Possible score 
Pretest  Post-test  t-test 
mean SD  mean SD  t p 
Conceptual test 10 5.08 1.71  7.14 1.09  8.002 < 0.001 
Experimental diagram 6 2.45 1.76  5.11 1.87  8.473 < 0.001 
Mental models 10 4.90 1.50  7.81 1.22  11.588 < 0.001 
Total 26 12.38 3.75  19.98 2.92  12.731 < 0.001 
 
There was a number of difficult questions in the conceptual test, including a calculation of a partition coefficient 
of a given extraction system. This may have been difficult due to the fact that the partition coefficient was not 
covered in a lecture, but it was illustrated in the simulated experiment. Another question that posed difficulties was 
the selection of an appropriate solvent for the extraction which provided solubility of a substance in each solvent and 
miscibility of a solvent in a mixture of solution being extracted. Most of the participants selected only the second 
solvent for its solubility property and omitted the miscibility of the second solvent in the first solvent (if the two 
solvents are miscible, the extraction system does not separate into two layers). 
It can be implied that the inquiry-based experiment used in conjunction with ICESE was effective in the 
enhancement of student  conceptual understanding and mental models of organic acid-base-neutral separation and 
purification, helping low-achieving students to gradually understand the key experiment concepts throughout the 
experiment. At the same time it was an effective approach to challenge high-achieving students to seek the answers 
for the posed experiment questions. The students  engagement in each step of the inquiry-based experiment 
developed their conceptual understanding, they had a chance to take control of their learning throughout ICESE with 
both macroscopic and sub-microscopic features, and they produced better mental models of the molecular world of 
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4.2) Alternative conceptions of organic acid-base separation and purification 
 
Many students showed correct conceptual understanding in their pre-mental models. This may be due to the fact 
that they had interacted with ICESE which was specifically designed to support student development in this area 
(Supasorn, et.al., 2009). In addition, these participants were chemistry students who had two experiences in 
extraction before the inquiry laboratory. However, some students expressed alternative conceptions at a sub-
microscopic level through their drawings - and post-
mental model drawings are illustrated in Table 2.  
 
Table 2. Percentage of major alternative concept re- and post-mental models  
 
Major alternative conceptions Pre-mental models  Post-mental models n Percentage  n Percentage 
1. p-Nitroaniline or benzoic acid transferred to the aqueous layer without any change 
after extraction with HCl or NaOH solution. 
24 38.09  9 14.28 
2. p-Nitroaniline and benzoic acid both changed after extraction with just HCl or 
NaOH solution. 
19 30.16  8 12.70 
3. p-Nitroaniline or benzoic acid changed but still appeared in the organic portion. 16 25.40  6 9.52 
4. Naphthalene changed after extraction with HCl or NaOH solution. 13 20.63  3 4.76 
5. p-Nitroaniline or benzoic acid equally distributed into two portions after extraction 
with HCl or NaOH solution. 
12 19.04  2 3.17 
 
Examples of alternative conceptions discovered in the pre-mental model drawings of three students are described. 
Student A misunderstood in his pre-mental model drawing that both p-nitroaniline (or benzoic acid) and naphthalene 
changed after extraction with HCl or NaOH solution (Figure 1a). However, only p-nitroaniline (or benzoic acid) was 
transferred to the aqueous portion. He then realised this alternative conception and noticed that just p-nitroaniline (or 
benzoic acid) changed after extraction with HCl or NaOH solution in his post-drawing (Figure 1b). In addition, he 
also realized that not all molecules of p-nitroaniline (or benzoic acid) were transferred, but some were left in the 
organic portion. Student B omitted the naphthalene in his pre-mental model drawing (Figure 1c). He thought that p-
nitroaniline (or benzoic acid) changed after extraction with HCl or NaOH solution, but still appeared in the organic 
portion. In addition, he thought that they were some benzoic acid molecules changed in form and distributed in both 
portions. However, he then noticed that p-nitroaniline (or benzoic acid) changed after extraction with HCl or NaOH 
solution, and then transferred to the aqueous portion in his post-drawing (Figure 1d). He also showed that not all 
molecules of p-nitroaniline (or benzoic acid) were transferred, but some were left in the organic portion. Finally, 
student C knew that only p-nitroaniline changed in form after extraction with HCl solution and transferred to the 
aqueous portion in his pre-drawing, but he thought that benzoic acid might be distributed in both portions without 
any change in form of molecules (Figure 1e). He then realized and corrected his alternative conception in his post-
drawing (Figure 1f). 
After performing the practical experiment, most of the students corrected their alternative conceptions and 
produced more correct mental models as their major alternative conceptions were diminished in the post-mental 
models. Many students realized that there should be a few molecules left in the old layer after extraction and that not 
100% was transferred (Figure 1b and 1d). Most of them recognized that p-nitroaniline and benzoic acid transferred 
from the organic layer to the aqueous layer because they changed from organic acid and base compounds (soluble in 
organic solvent) into salts (soluble in water). They also noted that naphthalene molecules did not interact with HCl 
and NaOH solutions, so they were still dissolved in the organic layer. However, some of them tended to 
accommodate their alternative conceptions. In this case, laboratory instructor had further discussions with them to 
help them obtain acceptable conceptions. 
The instructors  observations during the laboratory period, accompanied by the analysis of the 
experimental plans and reports indicated that they were confident in planning and conducting the experiment as they 
were less reliant on the lab manual during the experiment. The students planned and conducted the experiment 
successfully with minimal facilitation from the laboratory instructor. The two major problems encountered in the 
experiment were that the students sometimes confused which layer would be re-extracted because they were familiar 
with extracting substance from aqueous to organic layer in which the aqueous layer was in the bottom and organic 
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layer was in the top portion, and they evaporated solvent from naphthalene solution by heating it on a hot plate so 
some naphthalene was sublimated. 
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1e) Student -mental model (alternative conception)  1f) Student -mental model (good conception) 
 
Figure 1. Examples of mental model drawings of students A and B [benzoic acid ( ), p-nitroaniline ( ) and naphthalene ( )] 
 
4.3) Evaluation of organic acid-base-neutral separation and purification 
 
The organic acid-base separation and purification was evaluated in terms of variations in student directions (from 
least to most) in the five essential features of inquiry experiment involving 63 students and six laboratory 
instructors. Results showed that the student  evaluations were aligned with the laboratory instructor  evaluations, 
both stating that the inquiry experiments were at a -directi . Levels of five inquiry features 
and their interpretations illustrate in Table 3.  
 
Table 3. Variations for each of the five inquiry features (63 students and six laboratory instructors) 
 
Inquiry feature Student  Instructor  Variation of student self-direction mean SD  mean SD  Level* Interpretation 
1) Engaging to scientifically-
oriented questions 
2.19 0.69  1.83 0.41  Less Sharpened or clarified questions provided by the 
teachers in the step of. 
2) Giving priority to evidence 3.71 0.49  3.67 0.82  Most Determined what constituted evidence and 
collected it. 
3) Formulating explanations 3.67 0.62  3.83 0.41  Most Formulated explanations after summarizing 
evidence. 
4) Connecting explanations to 
scientific knowledge  
3.83 0.38  3.67 0.52  Most Examined other resources and formed the links to 
explanations. 
5) Communicating and 
justifying explanations 
3.60 0.75  3.83 0.41  Most Formed reasonable and logical argument to 
communicate and justifying explanations. 
average 3.40 0.46  3.37 0.15  More More student self-direction 
* Mean in the range of 1.0-1.50, 1.51-2.50, 2.51-3.50 and 3.51-4.00 were marked as least, less, more, and most student self-direction. 
 
In this inquiry-oriented experiment, students modified the given scientifically-oriented statement 
separate and purify the mixture of organic acid-base-neutral compounds. determined what constituted 
evidence and carefully planned and conducted the experiment regarding their experiment plan. They summarized 
evidence from the experiment and formulated all possible explanations in responding to the statement. They also 
connected the explanations to scientific knowledge regarding the separation and purification of organic compound 
mixture. They finally communicated and justified their explanations and also answered all related questions 
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(National Research Council, 2000). As a result, their conceptual understanding and mental models of the separation 
and purification of organic compound mixture was developed. 
 
5. Conclusions and implications 
 
The results of this study verified that the inquiry-based learning approach in chemistry laboratory was effective in 
the enhancement of . Since the guided inquiry 
experiments engaged and challenged students in all steps of the experimental process (searching literature, planning 
and conducting their own experiment, and analyzing and discussing experimental data), their understanding of the 
experimental concepts was enhanced (Green, Elliott & Cummins, 2004). This supported the idea that lab manuals 
and laboratory instructors were no longer the main source of knowledge about experiments (Deters, 2005). The 
supplementary simulated experiment with both macroscopic and sub-microscopic features improved significantly 
improve the students  mental models of the corresponding concepts, helping students to understand key concepts in 
chemistry especially at a sub-microscopic level (Bodner, 2007). 
This study may have the following implications for chemistry laboratory instructors that simply implementing 
inquiry experiments may not be sufficient  understanding of lab concepts at a sub-microscopic 
level. Instructors should consider using some corresponding molecular animation or images to help students 
understand the molecular concept and generate good mental models. It is advisable that continuous practice of 
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